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ABSTRACT

This report nescribes the results of a program investigating means of reducing the
intermodulation rroducts generated in collocated 100-watt transmitters operating in the
225 to 400 lflz frequenc, "ange. The IM reduction technique considered a cascade of four
tunable isolators and a standard tunable filter to chieve a net antenna-to-transmitter isola-
tion of 80 dfl.

The major accomplishment on this program was the development of a tunable, compact,
lumped-parameter UHF isolator having a power handling level in excess of 100 watts with a
typical forward loss of 0. 5 dB, and a 20-dB isolation bandwidth of 4.3 to 7.6 percent.
Although the cascade of these isolators and a tunable filter will provide the required trans-
mitter intermodulation protection, the IM level generated by the first isolator in the chain
was -40 dBm for the maximum power conditions of +50 dBm main signal and +20 dBm inter-
fering signal.

Replacement of the first isolator with a standard distributed type isolator would re-
duce the IM level to -60 dBm, still short of the design goal. Conciderable effort was ex-
pended in an attempt to fully understand the mechanism for IM generation and lower the
level to the -70 to -80 dBm objective. Although a greater understanding of IM generation
in ferrite isolation has been gained, further reduction of the IM level has not been realized.
However, all of the techniques formulated for accomplishing the IM reduction have not yet
been fully implemented and the possibility of -80 dBm still exists.
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REDUCTION OF TRANSMITTER INTERMODULATION PRODUCT SIGNALS IN AIR FORCE
COMMUNICATIONS SYSTEMS

1. The overall objective of this contractual effort was to develop ways
t-* reduce lntermodulat;in products due to collocated transmitters operating
in the 225 to 400 MHz frequency range. The system to be developed must be
suitaile for signals with essent!ally zero frequency separation as well as
for signals with large frequency separations.

2. The specific objective was to develop a tunable, compact, lumped -

parameter UHF isolator with a power handling capability of 100 watts, an
isolation of 20 dB, and an Insertion loss of no greater than 0.5 dB. The
design goal was to make the intermodulation product, generated by the cir-
culator, less than -70 dBm when a signal of +50 dBm is fed forward through
the circulator and another signal of +20 dBm Is fed into the circulator
from the reverse direction.

3. The circulator developed under this contract successfully met the
requirements with the except:on of the interrodulation product level.
With signals of +50 dBm and +20 dBm, the IM signal could not be reduced
below -4 O dBm. While this is sufficient to lessen the problem of Inter-
modulation product generation, it does not meet the desired IM levels.

4. The primary achievement of this effort is an improved understanding
of the generation of intermodulation products in a ferrite. In addition,
a tunable UHF Isolator for the frequency range 225 to 400 MHz was designed
and built with a power handling capability of 100 watts and with a 20 dB
isolation bandwidth of 4.3 to 7.6 percent.

5. To significantly reduce intermodulation product generation in a lumped
circulator will require a breakthrough In the materials used in the cir-
culators. Until such a breakthrough in materials occurs, no further
development of this device is planned.

JOHN E. ERICKSON
Project Offlcer
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SECTION I

INTRODUCTION

This is the final report on Contract F30602-71-C-0222. The object of this program
wan to develop a means of reducing the intermodulat on signal products generated in col-
located transmitters operating in the 225 to 400 MHz frequency range. Two such collocated
+50 dBm transmitters operating with individual antennas isolated by 30 dB can produce inter-
modulation signal levels of 0 dBm. These intermodulation signal levels can render com-
munications channels useless over a range of at least 20 miles. Conrventional filtering can
reduce the intermodulation products to the -70 to -80 dBm level for signals displaced in fre-
quency by I or 2 percent.

The original goal of this program was to significantly reduce the intermodulation level
for signals with essentially zero frequency separation. The intermodulation reduction teci,-
nique was to cover the 225 to 400 MHz band and, if possible, have an extended frequency
coverage.

The design goal IM reduction was to be accomplished by cascading four tunable iso-
lators and a standard filter with each transmitter (Figure 1). The initial efforts were there-
fore iocused on the development of the tunable circulator.

LEAKAGE

FILTER AT FILTER AT
FI  F2

rr
CASCADE I
OF FOUR

I 11 ITUNABLE I 2  IJ I ISOLATORS . 2

TRANSNITTE TRANSMITTER1AT F AT

2-2255

Figure 1 --- Schematic Diagram of Intermodulation Reduction Technique
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A tunable, compact lumped-parameter circulator was developed to cover the entire
225 to 400 MHz band with a typical forward loss of 0. 5 dB, and a 20-dB isolation bandwidth
of 6 percen; The power handling substantially exceeds the 100-watt level, but the inter-
modulation level is only -40 dBm for a transmitter power of +50 dBm and an interfering
signal of +20 dBm. Although this is well short of the -70 to -8C dBm objective, the tunable
lumped-parameter circulator still represents a significant accomplishment applicable to
this program and other Air Force requirements. In addition, there is a reasonable pos-
sibility that lower IM levels could be realized.

Although the widely tunable lumped-parameter circulators would substantially reduce
the interference range, they would not supply sufficient protection for collocated receiver's
and transmitters. The design goal IM reduction to the -70 to -80 dBm range is required
for this application. In order to approach this level, attention was turned to larger, dis-
tributed type isolators. The best commercially available units of this type exhibit an IM
generation of -60 dBm for the input levels of interest (+50 and +20 dBm). Although several
different approaches to improving the IM characteristics have been investigated, the -60 dBm
level has not yet been substantially bettered.

This report describes the development and measured data of the lumped-parameter
isolator, as well as :he efforts to reduce the IM generation in distributed type isolators.

2



SECTION II

HIGH POWER TUNABLE UHF ISOLATOR

During the first phase of this study program, a compact lumped-parameter tunable
isolator was developed to cover the 225 to 400 MHz band. This device represented a means
of achieving the required 80-dB antenna-to-transmitter isolation intermodulatJon in a rela-
tively small package. The system design goal for the cascade of the four isolators of Fig-
ure 1 were: a net isolation of 80 dB over a nominal 4-percent minimum bandwidth to com-
plement the rejection characteristics of a two-section band-pass filter; an overall insertion
loss of less than 2 dB; an ability to operate at an RF power level of 100 watts; and tunability
over the 225 to 400 MHz band. The design goabm for the individual tunable isolators were:
a nominal insertion loss of 0. 5 dB; a 20-dB isolation bandwidth of 4 percent; and an oper-
ating RF power level of 100 watts.

Basic relationships for this type of isolator have been published (1-4) with the most
pertinent being Konishi's design curves which bridged the gap between theoretical analysis
and practical application. This work set down practical guidelines for the various isolator
parameters, but did not specify the optimum combination of ferrite characteristics and
physical construction. These guidelines were used to investigate various combinations of
ferrite materials and isolator configurations resulting in a demonstration breadboard satis-
fying nearly all of the original design goals.

This section of the report will present the measured characteristics of this unit along
with the design equations as derived from the literature, their application to this specific
task, and a summary of the investigation of the lumped-parameter isolator in the UHF band.

1. DEMONSTRATION ISOLATOR

A lumped parameter isolator has been fabricated and has successfully demonstrated
the ability of such a device to operate across the 225 to 400 Mz band. Figure 2 shows the
isolator and Figure 3 shows the neasured characteristics. The insertion loss is typically
0.5 dB, with the 20-dB isolation bandwidth ranging from 4.3 to 7.6 percent, which essen-
tially satisfies the initial design goals set down for the individual isolators.

The variable capacitors in each arm are used to tune the isolator. The range of
capacitance necessary to ttne 225 to 400 MHz is 50 to 15 pF, and is achieved using a com-
mercially available unit. These air variable capacitors consist of two 3 to 30 pF units
joined at their cent,,r to form a 6 to 60 pF capacitor of twice the length.

2. DESIGN C(P.4SIDERATIONS

The design of the lumped-parameter isolator considered its electrical performance
in the UHF band and its ability to operate at an RF power level of 100 watts. The electrical
design was carried out using the information contained in references 1 through 5.

Figure 4 shows the basic lumted-parameter Isolator and Figure 5 shows the definition
of pertinent dimensions. The design consists of determining the appropriate ferrite and
coupling strip dimensions to match tP' ferrite properties to the desired frequency of oper-
ation. This was carried out through a series of experiments in which isolator characteris-
tics were measured for various combinations of the two parameters. The results of this

3
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Figure 2--Tunable UHF Isolator
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investigation, presented in Section 2.b. (2), represent a significant contribution to the prac-
tical realization of lumped-parameter UHF isolators. The net result, of course, being the
isolator reported in the previous section.

This section will present the basic relationships describing the lumped-parameter

isolator and the results of the investigation of the optimum design.

a. RF Properties

Design equations for the tunable UHF isolator have been derived from references 1
through 5. These equations are used to optimize the desirable electrical properties of the
isolator:

0 Minimum for.vard loss

* Isolation bandwidth

* Tuning range

The design equations have many tnrms in common. To simplify the presentation of
these equations, a glossary of terms follows:

4ffM s = saturation magnetization of ferrite material in gauss

Al = line width of ferrite material in oersted

- = gyromagnetic ratio, constant = 2. 8 MHz/gauss

H0 = Kittel field, magnetic field internal to ferrite

f0 = YH0 = Kittel resonance frequency in MHz

fm = y4ffMs = saturation magnetization frequency in MHz

Nt = demagnetizing factor in the x and y directions of the ferrite

f = operating frequency

w = radian operating frequency

fH = highest operating frequency

(1) Forward Loss

For the above resonance ferrite being employed, the Kittel resonance frequency, f0,

is set to a value which is greater than the highest operating frequency, f. The ratio a is
then defined as:

a =L = (1 (1)

where a is an inde,-ident design parameter. The useful range of a for the isolator design

lies between 2 and 6 Outside this range, the isolator performance deteriorates. As a gets

very clcse to 1 (the operating frequency approaching the Kittel resonance), the forwa rd loss

8
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of the isolator increases sharply; and, as o gets very large (operating the isolator far below
resonance), the isolation bandwidth decresres. The optimum value of a for a particular
ferrite material and operating frequency rai.ge is determined experimentally.

An approximate expression for the forward loss of the isolator, L in dB, as a function
o(f is given as (2):

L=2.5Zyi ( p2+1 (2)

An approximation to the forward loss due to the ferrite for operation far from resonance,
a 2 >> 1, is given as:

LH dB (3)

Equation 3 eliminates the functional dependence of forward loss on the ferrite resonance
properties end illustrates the dependence of loss on the ferrite line width. Equation 3 indi-
cates that ',,o minimize the nonresonant loss properties of the ferrite material, the line width
of the ferrite must be minimized. Unfortunately, it is not possible to use equations 2 or 3
directly to predict the forward loss because the value of AH is not known for the UHF band.
The AH of ferrite materials is typically measured at 9 GHz and, while it is known that All
decreases with frequency, its final value in the UHF band is not known. The importance of
equations 2 and 3 is that it indicates that ferrite materials with narrow line widths must be
used to minimize the forward loss.

For a fixed AH and kittle field, H0 , combining equations 1 and 2 yields minimum loss

for a = 2, which is at variance with some of the experimental data (for example, Table U of
the following section). The measured increase in forwr~rd loss with decreasing a is ac-
counted for by another important ferrite loss mechanism, low field loss. This occurs when
the applied magnetic field is not large enough to fully saturate the ferrite, and the random
orientation of the internal processing magnetic dipoles causes inefficient transfer of RF
energy. Specifically, this occurs when

HO.< Nt 4gMs (4)

and, therefore, to minimize low field loss, the inequality is reversed resulting in

HO Nt 4wMs  (5)

In terms of u, equation 5 becomes

f|

.1..

VIJ)m Nt 4wM 5  
(6)

9



The quantity 4wM s is intrinsic to the ferrite, and Nt is determined by the geometric

shape of the ferrite (Nt < 0.15 for the disc shape used in the isolator design). Equation 6

indicates that for a specific frequency of operation, low field loss is more easily avoided
with large values of a, which is at variance with the previous discussion in which a = 2 is
the optimum value for low forward loss. However, it is possible to choose ferrite mate-
rials with low values of 4w Ms and, thus, minimize the right-hand side of the inequality
(equation 6) and allow values of a to approach the optimum value of a = 2.

In general, the appropriate value of a and of 4irM s for the specific frequency of oper-

ation is determined experimentally. For the UHF isolator developed for this program, this
step in the design procedure is discussed in Section 4.d and summarized in Tables II, III,
and IV.

(2) Isolation Bandwidth

The expression for the isolation bandwidth as given in reference 2, may be simplified
2

by assuming a 2>>, and results in the following

BW -I f _ 0 = 21J= - F_ _ (7)

where

BWII = isolation" bandwidth at a given value of I

I = isolation level expressed as a power ratio
p = fm/f

Equation 7 indicates that the isolation bandwidth increases with the frequency of oper-
ation or as it approaches the Kittel resonant frequency, a --- 1. As for design criteria, it

is seen that BWII al/a 2 , which suggests the use of low values of a for optimum bandwidth.

(3) Tuning Range

The frequency of operation of the isolator is determined by the value of the effective
inductance of the ferrite loaded coupling strips, P, internal stray capacitance, and an ex-
ternal capacitor, Ce. Figure 6 shows a schematic diagram of the isolator.

At each frequency there is prescribed a capacitance and inductive value given by (1):

Ce = j-(0\-.- +4'-m .4i+ (8)

r W(9)
(4P)2 -

10



where

Ce = external capacitance plus internal stray capacity

= effective inductance

R0 = external load resistance

The expression C is fixed by the property of the ferrite geometry, coupling strips, and
ferrite RF characteristics and, thus, the frequency of operation of the isolator is adjusted
by varying the external capacitor.

b. Thermal Properties

Maximum operating temperature of a ferrite device Is related to the curie tempera-
ture of the ferrite. At the curie temperature, the spontaneous magnetization goes to zero
and the isolator no longer acts as a nonreciprocal device. To avoid this problem, the fer-
rite material will be maintained at a temperature that is less than one-half its curie tem-
perature. The ferrite materials used have curie temperatures ranging from 170 to 2800 C
and, therefore, operating temperatures of 85 to 1409C. As a safety factor, the maximum
operating ten"erature of the ferrite was chosen as 60 0 C.

(1) Thermal Analysis

The ferrite temperature rises due to the RF power dissipated in the ferrite slabs.
The total dissipated power is determined by the input power and forward insertion loss; it
is assumed that this power is evenly divided between the two ferrite slabs. The power flow
is from the plane of the coupled inductance strips, through the ferrite and the aluminum
ground plane, and finally into the surrounding air. Figure 4 shows this situation.

2
Ce

2-2258

Figure 6---Equivalent Circdit of unabl Isolat or
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The temperature rise across the ferrite is given by (6)

q AXF
T F A (10)

F F
where

ATF = temperature rise across the ferrite in °C
q = one-half the power dissipated in the isolator in watts

AX F = thickness of ferrite slab in cm

kF = thermal conductivity of ferrite in watt cm/cm2 °C

AF = area of ferrite = vD2/4

The temperature rise of the aluminum housing above ambient is given by (6)

AT = _L I (11)H AH h

where

ATH = temperature rise of housing above ambient in OF
q = one-half the power dissipated in the isolator, Btu/hr

AH = one-half the total radiation and convection area of housing in ft 2

h = air transfer coefficient in Btu/hr ft2 /°F

A nominal insertion loss of 0. 5 dB implies that 12 watts will be dissipated by the iso-
lator for 100 watts of incident power. Using equation 10 with

q = 6 watts

AXF = (0. 040 in.) (2.45 cm/in.) 0. 102 cm
kH = 0.042 watt cm/cm2 °C

AF =f D2/4 (0.6)2/4 in. 2 x (2. 54)2 /in. 2 = 1. 82 cm 2

results in

ATF = 80 C

The maximum operating temperature of the ferrite is set by the temperature of the
housing plus ATF. The maximum value of T H is

TH = 60 0C - ATF (12)

- 52 0C

12



Using an average value of the air transfer of h = 2.5, the area of the housing necessaryto maintain this maximum temperature is calculated from equation 11.

A = q(13)
H ATH

with

q = 6 watts = 20.5 Btu/hr

ATH = 52C - 24C = 28C = 50.5°F

then

A 20.5 1 0.162 ft2 = 23.4 in. 2
A H -50.5 2.5

(2) Test Results

While the results of the thermpl analysis indicated that an isolator with a total surface

area of 46.8 in. 2 would be required, the initial thermal testing was carried out using the

test housing of Figure 7, which has a surface area of 25 in. 2 . At an RF power level of
65 watts and 0. 5-dB forward insertion loss, the isolator housing temperature rose 34 0F from
74 to 1080 F. This is approximately half the rise calculated for this housing and power level,
61 0F. Reconsideration of the thermal analysis indicated that the value chosen for h was
conservative and a more efficient air transfer coefficient of h s 5 would account for this
lower temperature rise. The conclusion that may be drawn is that the thermal analysis
gives a range of rises for a range of values of h and, through experiments, the appropriate
value of h has been determined.

It was concluded that the surface area of the isolator is to bo approximately 25 in. 2

to maintain the ferrite temperature less than 60 0C for 0. 5-dB forward loss and 100-watt
RF input power.

3. THERMAL DEPENDENCE OF APPLIED MAGNETIC FIELD

A change in operating temperature results in a detuning of the isolator due to the tem-
perature dependence of the ferrite properties. The value of the ferrite 4rMa typically de-

creases with increasing temperature, and a decrease in the applied magnetic field is required
to maintain the operating frequency. This may be seen by referring to equations 14 and 15
(Page 15) in which the interdependence of the isolator parameters is expressed algebraically.
A set operating frequency implies f and a are constants, which, from equation 15, requires H0
to be a constant. From equation 14 it is seen that with a decreasing value of 4wM s (tem-

perature increasing), HA, the applied magnetic field, must decrease to maintain H0.

13
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Figure 7---Lumped Parameter UHF Isolator Test Fixture

There is, thus, an additional thermal consideration for high power operations, that of
temperature stabilization. This would be carried out by elevating the temperature of the
isolator with an external heater to a value slightly above the level determined by the oper-
ating power. A temperature sensor would then be used to stabilize the isolator at the ele-
vated temperature to compensate for the changes in RF power level. While the need for
temperature compensation was recognized, its implementation was relatively simple in
principle and represented an unnecessary level of product development for this study pro-
gram. For the many high RF power tests carried out during IM evaluations, it was only
necessary to adjust the bias field to compensate for the heating of the RF power.

4. DEVELOPMENT RESULTS

The development phase of the isolator design sought to determine the relationship be-
tween the design parameter a and the ferrite 4,YM s. For a particular ferrite material, an
adjustable test fixture, shown in Figure 7, was used to set various values of a in the 2 to
5 range, and the resulting electrical characteristics are measured. Equations 8 and 9 were

14



used to design the isolator and resulted in a typical set of designs as shown in Table I. *
Table I shows that the change in a is affected by altering the thickness of the ferrite and
the value of the tuning capacitance, Ce.

The measured results of three ferrite materials covering the range of commercially
available values of 4,rM s are reported: YIG with a 4fMs of 1780 gauss; G-1010 with a 4fMs

of 1000 gauss; and, YAF-29 with a 4iM of 600 gauss.

Table I. Summary of Isolator Design Parameters fnr a Ratios of
2, 3, 4, and 5, and an Operating Frequency of f = 312 MHz

Ferrite Coupling Strip
H0  Ce Dimensions (in.) Dimensions (in.)

S - (pF) (nH) t D W E F

2 17.5 2.04 0.048 0.400 0.080 0.480 0.160
3 20.0 1.8 0.040 0.400 0.080 0.480 0.160

4 39.6 1.58 0.032 0.400 0.080 0.480 0.160

5 52.0 1.41 0.028 0.400 0.080 0.480 0.160

a. YIG Ferrite

High operating temperatures were initially expected and dictated the desirability of
using YIG ferrite with its high curie temperature of 2800 C. Table II presents the results
of the measured characteristics of a YIG ferrite Isolator for a's of 2, 3, 4, and 5.

At each value of a and Ce, optimum isolation and minimum loss do not coincide but
are obtained at two different values of applied magnetic field. Peak isolation and higher
loss are obtained with the lower value of applied magnetic field, whereas mildmum loss
and lower peak isolation are associated with the higher value of applied magnetic field.

The lack of coincidence between minimum loss and maximum isolation may be due
to low field loss and is explained as follows. I low field loss is ignored, minimum
resonance loss will theoretically occur at a = 2. However, at this a, low field lers is
encountered and can only be avoided by decreasing the 4wM s of the ferrite material or by
raising a.

The term a can be raised in the following wanner:

Ho = HA 4wM s  (14)

H0 = U(i) (15)

• An illustrative example of this design procedure is carried out in Appendix I.
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Substituting equation 11 into 10, we obtain:

(3Nz-'l)

c4fv MHAS 4Ms (16) I

From er, 'ton 16 it can be seen that the value of 7 is proportional to the applied field,
HA. As HA is increased, a will increase and the low field loss as expressed by equation 6

should be reduced. Associated with this reduction in loss a.: a decrease in peak isolation.
This is due to the circulator operating at a a that differs from that of the design a. At
higher de3ign values of a, the low field loss problem is minimized, but does exist.

These tests with YIG ferrite have shown that low field loss contributes significantly to
a deterioration in thc isolator's performance. YIG was considered because of its high curie
temperat,:e; however, subsequent tests with high power showed that the isolator's temper-
ature rise was lower tlha expected. Therefore, ferrite materials with lower values of 4vMs
and curie temperature were next considered.

b. G-1010 Ferrite

The use of pure YIG having a 4,rMs of 1780 gauss contributes to an increase in low

field loss and does not give optimum performance. The effect of low field loss was reduced
by using G-1010 with a lower 4wM8 of 1000 gauss.

The isolator of Figure 7 was used to set four different values of a for the G-1010
ferrite material and evaluated each at discrete frequencies with the use of fixed capacitors.
Table I1 presents the measured isolator characteristics for two applied field conditions.

Except for a = 2, Table I indicates that the isolation bandwidth varies inversely with
a, and is very similar in value to that obtained with YIG ferrite. For a = 2, the bandwidth
is at variance with that predicted theoretically and is not readily explainable. Minimum
loss and peak isolation have both been improved by the use of G-1010 ferrite. The mini-
mum loss has decreased from 0.7 to 0.5 dB, and the peak isolation has increased from
35 to 45 dB.

The nost significant performance improvement obtained with the use of G-1010 ma-
terial wus achieved in obtaining good coincidence between maximum isolation and minimum
loss. For a = 5, Table HI indicates that a 0. 05-dB deterioration in loss was obtained when
the magnetic field was adjusted for maximum isolation. This result is most probably
attributable to the decreased low field loss due to the lower 4wM s ferrite material being

used. This result substantiates the idea proposed in the preceding section that reducing
the value of 4fMs o the ferrite would reduce the loss and amprove the coincidence between

minimum loss and maximum isolation.

c. YAF-29 Ferrite Material

A sig ificant improvement was obtained in the circulator characteristics by decreasing
the value of the ferrite 4fMa from 1780 to 1000 guss. To determine whether this trend of
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improved circulator characteristics would continue with the use of an even lower 4wM s

material, circulators employing YAF-29 ferrite material with a 4ffM of 600 gauss were0 S
tested and evaluated. Four values of a were tested at discrete frequencies with the use of
fixed capacitors. The measured results of the isolator performance, presented in Table IV,
demonstrate a pattern of low forward loss and coincidence for values of a other than a - 2.
The change in performance with a = 2 suggests the limits of the design; the following dis-
cussion will focus on the useful design, that is, a = 3, 4, and 5. The measured results of
the isolator performance are significantly different from the two previous materials in that
with the YAF-29 material coincidence was obtained between minimum forward loss and peak
isolation for three of the four values of a tested. This result was interpreted as an indica-
tion of an optimum combination of ferrite material and frequency of operation, Pnd is directly
attributable to the lower 4rM8 of YAF-29. It is this material with a design j - 3 at the center
of the band that was used to produce the tunable isolator reported in Section 11. 1 of this report.

As indicated in Table IV, a change in bandwidth charactoristics has occurred with the
use of YAF-29 ferrite. The ferrite materials previously tested had bandwidth characteris-
ties that varied inversely with a, while the bandwidths obtained with YAF-29 ^errite were
independent of a. The explanation of this characteristic is not found in Konisni's analysis,
but does not represent a serious problem.

The use of YAF-29 ferrite has not changed the peak isolation and is still in the order
of 40 dB or greater. Minimum loss, which had occurred at a = 5 for the YIG and G-1010
ferrite, occurred at a = 3 for YAF-29 ferrite. This substantiates the idea proposed that
minimum loss should occur at approximately a = 2 if low field loss wps substantially re-
duced with the use o ferrite material with a low 4ff MS .

Table IV. Measured Isolator Characteristics Using YAF-29
Ferrite Material for Design of o's of 2, 3, 4, and 5

20-dB Isola-

Ce c Forward tion Bandwidth Peak Isola-
a (pF) (MHz) Loss (dB) (percent) tion (dB)

2 20 355.0 2.0 22.2 35
2 28 257.0 1.5 15.95 40

3 28 326.0 0.50 7.25 43
3 58 205.0 0.70 4.33 40

4 28 350.0 0.70 7.1 41
4 58 231.0 0.80 5.35 40
5 28 366.0 1.1 7.25 43
5 58 235.0 0.8 4.43 43
5 83 201.0 1.2 3.6 47 1

Note: Minimum loss and maximum isolation coincide at all a's, except a = 2.
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d. Summary and Conclusions of Ferrite Material Investigation

The results obtained with YAF-29 indicate that coincidence bandwidth and loss charac-
teristics are different from that obtained with YIG and G-1010 material. Table V presents
a comparison of the characteristics of the three materials.

These results indicate that YIG material with a 4wM s = 1180 gauss introduces higher

loss and poor coincidence between minimum and maximum isolation. It therefire is not
recommended for use in circulators operating in the 225 to 400 MHz region.

A comparison of the results obtained with the G-1010 and YAF-29 material indicates
that YAF-29 ferrite has characteristics comparable to G-1010, which are considered
acceptable. As a result, either ferrite could be used in designing a circulator in the 225 to
400 MHz region.

Though results with both types of ferrite were similar, coincldonce occurred at all
values of a for YAF-29, implying that the effect of low field loss on coincidence and high
loss at low a's has been greatly reduced. If the line width, AH, of both materials had been
the same, the reduction of low field loss would have resulted in a loss for YAF-29 lower
than that obtained for G-1010. This did not occur, and it may be conclded that the AH of
YAF-29 in the UHF band is greater than that of G-1010. The optimum material for use at
UHF would be a material combining the 41rM of YAF-29 and the AH of G-1010.

Is

Table V. Comparison of UHF Isolator Characteristics
for Three Ferrite Materials

iYAF-29 G-1010 YIG

Independent Varies Inversely with Varies Inversely .'ith
Bandwidth of a a maximum at = 5 a maximum at = 5

Minimum loss 0.5 dB at 0.5 dB at a =5 0.7 dB at a = 5
a=3

Coincidence be- a = 3, 4, a 5 No coincidence
tween minimum and 5
loss and maxi-
mum isolation
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SECTION III

INTERMODULATION MEASUREMENT

The nonlinear behavior of ferrite when operated below resonance has been studied
by Suhl (7). This work indicates that the onset of nonlinear high power effects in ferrite
is a function of the AH and 4frM s of the ferrite expressed as:

h (crit) = 1/2 AH1 (17)

(equation 12-32, p 585, reference 5)

h (crit) = critical RF field, in oersteds, at which nonlinear

effects take place

H = line width of ferrite mutterial

4M s = saturation magnetization of ferrite

Equation (17) indicates that to obtain a ferrite with high power handling capability,

4M, should be minimized and AH should be maximized. As ferrite loss increases with

increasing AH, a compromise is needed in selecting a ferrite wi.th a AH that yields low
loss and a high h (crit).

1. MEASURED RESULTS

To ascertain the effect of AlH and 4ff on IM levels, materials of different character-

istics were checked. The value of a chosen was optimum for the materials tested. With
the circulator tuned with fixed capacitors, the frequency of operation, defining f, was

365 MHz for the YAF-29, G-1010 and G-1000 materials, and 311 MHz for YIG ferrite.
The frequency of the interfering signal, f2 9 was typically 10 MHz removed from f,, which

is within the bandwidth of the circulator in all cases. A listing of the materials and the
corresponding measured results of IM level are presented in Table VI.

This data is at variance with the theory and indicated that a relatively constant IM
level is obtained wih materials of different 4wM s and All. A possible explanation for

these results may be found in the above resonance operation of the circulator.

Equation (11) expresses the critical field level for a circulator operating at a high
magnetic field and apparently does not apply to the above resonance operation being employed.

An experiment designed to ascertain the effect of AH on IM generation considered the
use of nickel ferrite with an extremely large line width (Al) of 320 Oe. Unfortunately, due
to the very large AH of nickel, very high loss was encountered and meaningful isolation and
IM measurements could riot be obtained with this material.
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A comparison of IM characteristics of lumped parameter and distributed isolators
taken for two orientations of interfering signals are presented in Table VII. For the
reference measurement, both interfering signals enter the circulator at the same port
and the measured IM level is dependent primarily on the ferrite material characteristics.
The measurement setup is shown in Figure 8. For the operating measurement the signals
are fed in at opposite ports simulating system operation. IM measured under this condition
should indicate any improvement due to the nonreciprocal circulator properties. The
measurement setup for operating condition is shown in Figure 9.

The results for the reference measurement of the lumped parameter circulator in-
dicates that no substantial change in the IM level was noted for the ferrite materials
presently being used. While the reference IM levels are comparable, a marked decrease
in operating IM level was measured for the distributed type circulator* and not for the
lumped type. The principal difference between the two types of circulators is their internal
physical geometry. The difference in IM levels suggests that the physical configuration of
the fields internal to the distributed type are such as to decrease the interaction of the inter-
fering signals under operating conditions.

The decrease in IM level noted for the operating condition, while substantial, is not
yet sufficient to satisfy the -80 dBm project goal. However, the realization that there is
an inherent reference IM level ('- -40 dBm) that may be decreased through circulator
geometry, is a major conclusion. Based on these measurements and conclusions, it is
considered possible to develop an isolator tiat enhances the favorable geometry to produce
a circulator with an IM level to meet the -0 dBm design goal.

2. MEASUREMENT TECHNIQUE

a. Measurement Setup

The measurement setups used for measuring IM levels under reference and operation
conditions are shown in Figures 8 and 9. A calibrated Hewlett Packard spectrum analyzer
is used to display the level of the 2fI - f2 IM signal frequency. This technique has a sensi-

tivity of approximately -95 dBm when the analyzer IF bandwidth is reduced to 10 kHz. The
increase in the analyzer sensitivity is proportional to the reduction in its IF bandwidth.

To reduce the levels of the fI and f2 signals below the saturation level of the spectrum

analyzer, multisection band stop filters tuned to fl and f2 are inserted between the coupler

and the analyzer. In this way the sensitivity of the analyzer may be maximized while avoid-
ing any internally generated signals due to strong fI or f2 signals.

b. Test Setup Calibration

A test signal at the intermodulation frequency (fiM) of known amplitude is injected

into the measurement setup at point A, and the deilections on the analyzer recorded.
Point A is then reconnected into the system and the amplitude of fIM = (2fI - f2 ) is then

read from the calibrated screen of the spectrum analyzer.

* Addington Lab Model No, 113-0026A.
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As mentioned previously, the sensitivity of the setup is approximately -95 dBm.
However, the minimum measurable IM is -75 dBm as the f3M signal is sampled through a

20-dB directional coupler. (The calibration f3M test signal is injected directly into the

setup at point A). To compensate for the directional coupler, +20 dB must be added to the
amplitude of the f m calibration signal. Therefore, a -95 dBm calibration signal corre-

sponds to a -75 dBm riM signal. The system sensitivity can be increased beyond the re-

quired -80 dBm by replacing the Hewlett-Packard spectrum analyzer with a test receiver
or the AIL spectrum analyzer with its -110 dBm sensitivity.

3. CONCLUSION

From the measurement of the intermodulation product levels of the lumped and dis-
tributed parameter isolators, it was evident that a distributed isolator offers advantages.
IM measurements were taken under two conditions:

* Both interfering signals feed into one port (reference)

* Signals feed into opposite isolator ports (operation)

For the distributed type isolator an improvement over the reference IM level on the order
of the isolation was noted. The IM level decreased 20 dB from -40 dBm to -60 dBm.
However, for the lumped parameter type isolator, no such improvement was measured.
The explanation of this phenomenon is to be found in the difference of the geometry of the
internal interacting RF fields between the two types of isolators.
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Table VI. Measured Intermodulation Levels for Lumped Parameter
Circulator with Interfering Signal Levels of +50 dBm and +20 dBm

4f Ms AXH Measured Level

Ferrite (gauss) (Oe) (dBm)

YAF-29 (AL-YIG) 600 30 -42

G-1010 (AL-YIG) 1000 40 -40

G-1000 (GD + AL + YIG) 1000 55 -35

G-113 (YIG) (Pure YIG) 1780 40 -38

TT2 -130 (Nickel) 1000 320 - *

• No circulation action as large AH can give rise to large loss.

I

Table VII. Measured Intermodulation Levels of Lumped and Distributed
Parameter Circulators For Interfering Signal

Levels of +50 dBm and +20 dBm

IM Level for Interfering Signals of +50 dBm and +20 dBm

Lumped Circulator Reference Measurement Operating Measurement
Ferrite Maerial (Figure 8) (dBm) (Figure 9) (dBm)

YAF-29 -42 -42

G-1000 -40 -40

G-1000 -35 -35

G-113 -38 -38

Distributed Circulator -40 -60
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SECTION IV

DISTE7BUTED ISOLATOR

1. INTRODUCTION

As explained in the previous section, the IM test data indicated that the distributed
type circulator was more likely to meet the IM design goal than the lumped element type.
These results necessitated a change of project emphasis to the distributed type. It was
hypothesized that the mechanism of spatial separAtion associated with the distributed cir-
culator could allow the possibility of achieving the reduction of the IM level to -80 dBm.

This section of the report presents a qualitative explanation of how the IM product
level is related to the mechanism of spatial separation and a description of the distributed
isolators designed to enhance the effects of spatial separation. Two basic types have been
considered. The first increases the port-to-port angular separation from 120 to 180 de-
grees. The second employs an inhomogeneous applied field or inhomogeneous ferrite to
provide two paths, one favoring low forward loss, the other favoring high isolation or field
splitting.

2. SPATIAL SEPARATION WITHIN THE FERRITE MATERIAL

It is shown in Appendix II that the amplitude of third-order intermodulation term is i
given by pA2 A2 where p represents the nonlinearity of the material and A2 and A1 are the

amplitudes of the weaker md the stronger interfering signals, respectively. As a ferrite
isolator is a magnetic dev Ice the amplitudes will indicate the strength of the respective
magnetic inductances so t iat IM %B2

The efforts toward hwering the level of intermodulation are based upon the fact that in
a distributed device, it is pssible to influence the spatial geometry of the fields in the bulk
of the ferrite material. With this in mind, special methods are being explored to change the
field geometry of B2 and B1 selectively so that they are influenced in a different way. Be-

cause of the nonrecipr,.city of the device and the fact that the two interfering signals enter at
different ports, the va."1ty of this concept is theoretically justified.

2By achieving a sp&al separation of the fields B1 and B2, the pr~xluct of B2 B1 in any

volume element vf the fer' . v,0,1 be decreased, resulting in a lower intermodulation level.
A direct proof of the valid. ty of ,: is concept has already been demonstrated in the course of
this program. It has been #), -at in a three-port circulator of the distributed type a
substantially higher IM level was measured in the case when both interfering signals entered
at the input oort as compared with the case when the interfering signals entert at input and
output ports, respectively (refer to Table VII).

This effect was not present in the lumped type of circulator. This mechanism may be
understood better by considering Figure 10.

Figure 10 is a representation of the three-port circulator. As indicated, most of the

energy associated with BI tends to go to port 2 while a smaller amount will find its way to

port 3. The same applies for the energy connected with B2 with respect to ports 3 and 1.
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Figure 10--- Energy Flow in a Three-Port Circulator

The higher the ratio of the amounts going to the wanted and unwanted ports, the higher
"field splitting" is said to be present. For clairity, only the inherent field splitting is
shown.

As can be seen from this model, the field splitting should be maximized in order to
minimize the intermodulation. The principal means of maximizing field splitting are by
optimizing the inner conductor geometry, and by using an inhomogeneous field or inhomo-
geneous material. Testing of both these techniques has been carried, with the results be-
ing described in the following subsections.

3. 180-DEGREE ISOLATOR

An isolator with 180-degree port-to-port separation, shown in Figure 11, was de-
signed to improve the field splitting by geometric considerations. The reduction in the.
distributed circulator IM level obtained under system operation condition, implied that in-
creasing the physical separation of the fields set up by the +50 and +20 dBm signal, and
thereby reduce their interaction, will reduce the level of the IM product. This device rep-
resents the maximum possible separation, 180 degrees. As a result, it is no longer sym-
metrical for use as both an isolator and circulator as with a 120-degree separation, but
interest is focused on a low IM isolator which does not require this form of symmetry.

YAF-29 ferrite was used in all the distributed designs. This choice was based on the
results obtained with this material when used in the UHF lumped element circulator. Basic
ferrite characteristics are independent of circulator configuration, and YAF-29 should be
well suited for use in the distributed element circulator.
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Measurements taken on the 180-degree isolator indicated that high splitting was not
consistent with low forward loss. The unit exhibited about 4-dB forward loss for 20-dB iso-
lation. The high forward loss stems fFom the fact that improved field splitting could only be
achieved by adjusting the applied magnetic field to bias the ferrite close to magnetic reso-
nance.

These measurements indicate that it was not possible to establish both low forward
loss and high field splitting with geometric considerations only. Inhomogeneous conditions
would have to be established in order to have the two desired field conditions realized simul-
taneously.

4. INHOMOGENEOUS APPLIED FIELD/FERRITE ISOLATOR

An inhomogeneous applied field or inhomogeneous ferrite results in an inhomogeneous
internal field; one portion of the ferrite is biased higher or lower with respect to the rest.
The higher bias implies operation further removed from resonance and lower forward loss;
the lower bias field will result in the ferrite operating closer to resonance where enhanced
field splitting is expected. By the proper distribution of the bias field, a relatively low loss !
path can be established for the transmit signal, and, at the port the transmit signal exits
and the interfering signal enters, the field splitting between the two signals may be improved
over homogeneous conditions.

The relationship between the internal field of the ferrite (H0 ) and the applied field (HA)
is:,

0s: H A - (constant) ' (41M s ) (18)

For a uniform ferrite material (4w Ms = constant), H0 0 HA, and the control over H0 is re-

alized through the applied field. In this inhomogeneous applied field condition, the transmit
path must have a larger field applied to it than the isolation path. For a uniform applied
field (HA = constant), H0 increases or decreases when 4w Ms decreases or increases, re-

spectively, and thus the transmit path must have a ferrite with a 4w Ms lower than that of
the isolation path.

This section of the report presents the results of measurements taken on an isolator

with an inhomogeneous applied magnetic field.

Inhomogeneous Applied Magnetic Field

A Y circulator using YAF-29 5-inch diameter ferrite discs (Figure 12) has been aligned
to operate with an inhomogeneous applied magnetic field at approximately 310 MHz. Forward
insertion loss was approximately 0. 5 dB over an established 20-dB isolation bandwidth. The
operating bandwidth of the isolator, while not optimized, was sufficient to make measure-
ments of the IM generated for signals separated by 20 MHz.

The applied magaetic field was made inhomogeneous by inserting a semicircle of steel
to enhance the field over approximately 1/3 of the ferrite area as shown in Figure 13.
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Figure 13--- UHF Isolator with Inhomogeneous Applied Magnetic Field

With an overall uniform applied magnetic field, the field under the area of the steel
semicircle will be larger than that biasing the remaining ferrite, In this way the forward
loss path, (1) to (2), will be operatzng further away from resonance to reduce the loss,
while the isolation path, (2) to (3), biased at a lower field and closer to resonance, will ex-
perience an enhanced field splitting.

Measurements of IM levels under these conditions give levels of -60 to -65 dBm, com-
parable to the levels measured for homogeneous applied magnetic field. A well-defined

boundary between the high and low applied field regions most probably did not exist in the
ferrite and is the most likely explanation of the lack of IM improvement. The enhanced field
splitting is dependent upon the establishment of such a condition. The use of a homogeneous
applied field and inhomogeneous ferrite will result in a better defined high and low operating
region and will represent a more accurate test of the field splitting thesis. The testing of
the inhomogeneous field case was carried out first, since it was a relatively simple altera-
i',.n of the Y circulator orginally fabricated.
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SECTION V

PHENOMENOLOGICAL DESCRIPTION OF GENERATION OF
INTERMODULATION PRODUCTS IN FERRITE CIRCULATORS

During this program an analysis was made of the intermodulation products that could
be expected as a result of the nonlinear behavior of ferrite at high power levels.

Following common practice the output amplitude was represented as a function of the
input amplitude by means of a power se:'ies with constant coefficients

1 2 3 n
V0  V +a 2 V +a 3 V ..1  n i

Assuming an input amplitude consisting of two in-band signals at different frequencies,
Vi = V 1 cos W I t + V2 coS W 2t whereby for the purpose of this program it can be assumed that

V1 >> V2 . It is found (Appendix I) that if the power series is truncated after three terms a

third-order intermodulation product is generated:

3 2
3 V2 V cos (2w 1 - W 2) t

If the strong amplitude V1 , associated with the +50 d8m sighal, is modulated, that is

V1  V1 (1 + m cos wt), where m z modulation depth and wLm is the angular modulation

frequency, it is found that the modulation of the strong signal is carried over to some extent
onto the weak signal (cross modulation). The amount of cross modulation is usually expressed

in the cross-modulation factor..Q where mc is the induced modulation depth on the weak sig-
nal.

m a3

This ratio is given by ,
0 3- V. As for a low-loss passive device, a1  I andm a1  1

mIn 2
m a3 V1*

Substituting this value into the expression found for the third-order intermodulation

term yields:

VIm V
Vintermod 2

so that a fixed relation exists between the cross modulation and the amount of third-order
irtermodulation.
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Based on this principle, a measurement setup was devised that enabled the measure-
ment of the cross modulation with a sensitivity corresponding to an intermodulation level of

-90 dBm when the two input signal powers were +50 and +20 dBm, respectively.

This was a much higher sensitivity than could be obtained with a direct spectrum
analyzer measurement at the intermodulation frequency.

Performing the measurement with the above mentioned signal levels, no cross modula-
tion could be observed indicating an IM level lower than -90 dBm. However, a direct spec-
trum analyzer measurement showed an IM level of - -40 dBm.

After assuring, by various measurements, that the observed intermodulation was
indeed generated in the circulator, the fact had to be faced that the measuremcnts were in-
compatible with the theoretical results obtained from the power series approach.

Although, admittedly, taking into account more than three terms, a fixed relation be-
tween IM and cross modulation no longer exists. The absence of one while the other is
present is impossible under various bias conditions, when analyzed under the power series
approach (Appendix H).

It was at this point, that it was realized that the credibility of the power series ap-
proach is seriously challenged, if a feedback exists between output and input. In Appendix 11
it is explained that in a nonlinear network with a limited amount of isolation between input
and output, theoretically an infinite number of harmonics will be generated regardless of the
inherent degree of nonlinearity.

Moreover, a concrete example is analyzed, where it is shown that third-order inter-
modulation can be generated without the presence of cross modulation, when the inherent
nonlinearity can be completely described by only two terms of a power series. In this case
the amplitude of the third-order intermodulation term is proportional to the amplitude of
the second harmonic that ii: generated.

This proportionality has indeed been observed in the measurements performed during

this program.

CONCLUSIONS

Based on the measurements performed during this program, in conjunction with the
analysis presented in Appendixes 11 and III, the following phenomenological statements
seem to be justified:

The inherent nonlinearity in a ferrite at high power levels, can be
practically described by taking into account only second-order
nonlinearity.

Third-order intermodulation is being generated because of feedback
phenomina (internal reflections, etc. ) and is proportional to the
generated amount of second harmonic.

Cross modulation effects can be neglected.

These qualitative statements will constitute an important part of the knowledge upon
which further experimental work in the area of intermodulation will be based.
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SECTION VI

CONCLUS[ONS AND RECOMMENDATIONS

A tunable lumped parameter isolator has been developed for the 225 to 400 MHz band
to limit the intermodulation product generated in collocated Air Force 100-watt transmitters.
Typical forward loss is 0. 5 dB with a 20-dB isolation bandwidth ranging from 4.3 to 7.0 per-
cent. The objective of -70 to -80 dBm maximum IM level generated by the transmitters can
be achieved by cascading four such, isolators (Figure 1) to provide a minimum of 80-dB iso-
lation to interfering signals. IM measurement of the isolators under the worst case RF power
level conditions of +50 dBm main signal and +20 dBm interfering signal, experienced by the
isolator closest to the antenna, indicated IM levels of -40 dBm.

While the initial design goal of -80 dBm IM level cannot be met, based on the
-40 dBm level, the interference problem experienced without such isolator protection
would be improved. Referring to Figure 1, the filters shown are those referred to in the
work statement that would provide 70-dB attenuation at a frequency separation of about 2 per-
cent. The isolators are the lumped parameter units with 20-dB isolation each for a total of
80 dB. For this combination, the IM level at the transmitter output would always be below
-80 dBm. The IM problem area would now be transferred to the isolator receiving the highest
interfering signal level, the one closest to the antenna. This would be at most -40 dBm (an
improvement of 40 dB as compared to no isolators) and would reduce the 20-mile interfering
range to 0.2 mile. In addition, if the filter used with these isolators was able to provide
70-dB attenuation to frequencies displaced by 2 percent, it would provide about 35-dB attenua-
tion at a separation of 1 percent. This attenuation level, in conjunction with the isolator IM
level, would result in an overall IM output of -75 dBm.

In summary, when compared with communication systems protected only by filters,
the filter-isolator combination would reduce the IM interference range from 20 to 0.2 mile
tor closely spaced transmitter frequencies and would provide -75 dBm IM outputs for fre-
quencies separated by at least I percent.

A minimum IM level of -40 dBm was measured for the lumped parameter isolator,
independent of the orientation of the interfering signals. This is in contrast to the results
obtained for the distributed type isolator in which a decrease in IM level was noted when the
signals entered the device at opposite ports. The possibility of reducing the IM level pro-
duced in a ferrite device by spatially separating the interfering signals was thus identified.
The distributed isolator IM level is 20 dB lower (-60 dBm) through this mechanism, and
efforts were made to enhance the separation by designing special distributed isolators. Two
types have been tested; port-to-port separation increased from 120 to 180 degrees, and an
inhomogeneous applied magnetic bias field used on a standard isolator with 120 degrees A
separation. While no substantial decrease below the -60 dBm level was noted for these two
designs, a third design employing inhomogeneous ferrite in a standard 120-degree isolator
is being pursued. It is realized that once an isolator is developed with an inherent IM level
under operating conditions of less than -80 dBm, the requirement on the remaining isolators
in the chain will be reduced by the isolation offered by the preceding unit. Thus, while there
is one special low IM isolator required for any transmitter, it need be only one and the orig-
inally proposed IM reduction technique, based on the successful development of a low IM iso-
lator, is a viable and practical approach.

Based on the realization that there is a requirement for only one low IM isolator to
effectively provide IM protection down to -70 to -80 dBm levels, it is recommended that the
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efforts to develop such a device be continued. Inhomogeneous ferrite and larger disc cir-
cuits should be investigated. The measured data and analytic information on IM production
in UHF isolators presented in this report will act as a very effective starting point for the
development of the required low IM isolator.

One interesting by product of this program is the development of compact, widely
tunable isolators using lumped elements. Figure 14 shows the size reduction that has been
attained relative to a standard distributed element approach. While these isolators produce
-40 dBm IM levels for +50 and +20 dBm inputs, there are many system's applications that
are emerging. Some examples are:

Buffering between high-power JHF circuits such as transmitters
and antennas

* High power SPDT switching

* A basic nonreciprocal element for the realization of UHF equalizer
networks

It is recommended that RADC consider these applications as well as the low IM ap-
plication in applying the technology developed on this program to future needs.
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SECTION VU

PAPER SEARCH

A computer-aided search of the DDC data bank on government suggested research,
periodicals, and textbooks, related to the field of interest, was undertaken. In general,
it has been found that the open literature on ferrite and circulators has been more useful
than the classified government contract documents obtained from a computer-aided search
of the DDC bank. Many entries were screened for pertinence to this program. Seven ref-
erences have been of particular assistance, while 34 have been of general interest.
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APPENDIX I

CIRCULATOR DESIGN PRUCEDURE FOR o = 3 ANDf = 312 MHz

Using equation 1, we obtain

YH0  (19)

Let

a =3

fH = highest operating frequency 400 MHz

then
yHo = 3 x 400 MHz z 1200 MHz

To avoid low frequency loss, equation 5 has to be satisfied.

vHo YN t 4rMs (20)

Let

N =0.15t

then the YHo 1200 _
4vMs-5 Nt 2.8 x0.15 2860

The ferrite material to be used is pure YIG, with a 4wM s of 1800 gauss. Though a

material with a higher 4vMs can be used, YIG has the adv~utage of having a relatively law

loss coupled with a high curie temperature of 280°C.

To solve for Ce at an operating frequency of f = 312 MHz, we use equation 8 and obtain:

= W )( -2. (21)

For
w = 2, (312) MHz

Ro 0 50 ohms

f0 = YHo = 1200 MHz

f = 312 MHz

fin y4fMs 2.8 x 1800 5000 q
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Then

Ce1 200 MHz + 1200 MHz (22)
6.48 x 312 Y 106 312MHz + 5000

Ce = 28 pF

To obtain the effective inductance we use equation 9 and obtain:

R

(23)
.. (a + P)2 1

where

P f /f, a : fo/f
in 0

= effective inductance
p =5000 MHz =16.1

312 MHz

1200 MHz 3.84
a 312 MHz

50 (16.1)

:1.731 2 (312 x 108) 1. 8 x 10"9 henrys (24)
(16.1 +3.84)2 -_ 1

where is 1.8 nH.

From Figure 15 (reference 1, p 855, Figure 2), we find that for a of 1.8 nil that
we have three choices of ferrite and coupling strip geometry.

The geometry that allowed for the most mechanically practical ferrite thickness (that
is, the largest) was chosen for fabrication. The resultant dimensions are:

t = 0.040 inch

d = 0.400 inch

w 0 0. 080 inch
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APPENDIX II

ANALYSIS OF INTERMODULATION AND CROSS-MODULATION
PRODUCTS WITH THE GENERAL POWER SERIES METHOD

Let the output amplitude, V , as a function of the input amplitude, Vi, of a device be
given by:

V= V, (25)T. an i

n=1

where a is the constant coefficient of the nth term

Let

V V 1cos Wt + V2 cos W2t with V > > V2

Then

in
Vo= o.f nV Cos 1t +V 2 cos2t

n=1

or

00 f

V n1p O -np Cos n -pWt VP cos W
0 =1n pl (n - p)l 1 1 2 2

With the general relation:

u

cos -r (u-r)! cos (u - 2r) X
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I nlOD n - n - p )

Vo = an p (nI I p) n pV r (n - pr) cos (n - p - 2r) w lt X
n=1 (n -3 npI n1 ~2 '0 ros (n -2r - t]

cos (p - 2s) w2t

For this analysis, we are interested only in the terms A cos w2 t (to investigate cross

modulation) and B cos (2w 1 - W 2 )t (third-order intermodulation). These terms cmn be ob-

tained only as follows:

a. A cos w2 t .- & product of a constant and cos w2 t

b. B cos (2w1 - w 2)t---o from the product of cos 2wlt and cos w2t via the

relation

cos 2w t cos W2t =- jK cos (2Ow 1 - w2)t+jK cos (2w, + w2 )t

so that B = K

Examination of the bracket expressions in equation 26 sets the following requirements:

Fora. p-2s= !:1 p=odd s 2 

n -p -2r = 0 n -p = 0 or even r = n

p = odd with n - p= 0 or even yields n = odd

as PmIn = 1 nmin =1

Fo- b. p = 2s I p = odd s= 2

n-p-2r= t2 n - p = even r=n'-p- 2

p = odd with n - p =even yields n = odd

as Pmin=1 nmin = 3
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From these requirements and equation 26, the amplitudes A and B can be deduced to
be:

n! V" nP VP

n13,57. p 35.. ! 2 2 -

n=357. = 1, 3, 5. -

By examinating, A, the ratio of the contribution of the factor (p + 2) and that of the factor p
is:

22

, •i (p + 1) (p + 3) n =2

The same ratio with respect to B gives:

\ 2 2

VT) ' (p + 1) (p +2)n 3

V
These ratios are maximum for p = pmin = 1 for any given n. Assuming V-2 20, even in the

extreme case of a power series of 10 terms (n = 10), the total contribution for p = 3, 5,7... -
is less than 3 percent of the contribution due to p = 1 alone for both A and B. As the practical

V1
measurements are normally taken for - >>20, it is certainly justified to take only the con-

tribution of p 1, then:

O n ! Vn1  V

T ,,. 2n - I[ in - 2I
1, 3,5. 2

n! V1  V2

n= 3, 5, 7..
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The interesting part of the output amplitude can now be represented by:

SV - II n1 V2 Cos W t +° n = 1, 3, 5.. 2

(27)

Vn  - n V  cos (2wo I -w 2 )t
n = 3, 5,7.. -

Equatio. 2? shows that the amplitude of cos w 2 t is dependent on the amplitude V1 of cos W1t.

Therefore, if V1 cos W1t is modulated according to V1 (1 + m cos Wmt)

where

m = modulation depth

Wm = angular modulation frequency

Cross modulation will occur from w, onto w2'

To quantitatively evaluate this cross modulation Vn- in the first part of equation 27

has to be replaced by

An 1 (I + m cos wmt)n 1

Ifrm < < 1, the binomial series for (1 + m cos wmt)n -1 can be truncated after two terms,

V1 (1+ mcosWt 0 1 [ +mn -1) cos t

The first part of equation 27 then becomes:

£ f V 1 .2 -n- + m (n-i1) cos w~mtjl V2 cos w~t
-- 1,3,5.. I
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Wi n. 1 ___With an V 1 n 2 =n' this can be rewritten s:.

X(n -1) "

V2  Xn cOS t i cosm 2t
n =1,3,5.. / Xn

n --1,3,5..

This is of the form

C(1 + m cos Wt) cos W2t
c m 2

The cross-modulation depth mc is then

, Xn (n-i1)

mc m

n 1,3,5..

For a small amount of cross modulation (practical case):

n 1,3,5..

and

f cc X (n -1)

m Of1 n
n =1, 3 ,5..

or

_ l 1 L (n - 1) a n- 11

m aL n 1 2n - 24
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As the first term vanishes (n - I = 0 for n = 1)

(n 1) 1 __II n1
m 1  ( n I Fn 1 1 -n 3$ 57.. !2

Using the identities:

and

2 1 - .n +

both valid simultaneously for n Z 3 yields

S(n +1) n V 1  1 n!28)

In aIn=3,5,7.. 2 )2)

m18
The total cross-modulation factor- is the sum of the individual cross-modulation
mcm

factors n (n = 3,5,7... contributed by a3 , a , etc., respectively. Im 3' 5

where

I n+ l ^n 1  1 n (29)

The amplitude of the third-order intermodulation term for the unmodulated case

n-i 1 nI

n = 3,5,7.. n
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B Bshows that-P- can be regarded as the sum of the individual terms .- (n 3, 5, 7..) contributed
2 2

by the coefficients a3 , a5 aW7". etc., respectively, where

n  n- 1 n!

V an V1  ~ 1 *3i4 ! (30)

From equations 29 and 30 follows:

m
a21 c n-= -- V2

Bn n+2

or (31)

1 n, +mcn

n 3,5,7..

In case the power series is truncated alter three terms, equation 31 gives the familiar
result

41 mcB"'T '-m- V2

m

which shows a fixed relation between the total cross-modulation factor- and the total
m

amount of third-order intermodulation B.

For n > 3, a fixed relation between the total cross modulation and the total amount of
third-order intermodulation cannot be given without a specific knowledge of the factors 01,

a3 a5 ." etc., on account of the weighting factor 1- in equation 31. By writing B and

o in the form
m

a[ I mc 3  mc 5  mcnB =B 3 + B 5 + ... B n  '4 -+ 6 - "+ +'

and

Mc I r M +M +
mc irm [m j mc s'"n.+ mc

c3 5 n.
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it can be seen that, taking into account positive and negative signs for n and thus for mc
n

a highly nonlinear region is theoretically conceivable where it is possible that either one
of the bracket parts of the expressions for B and mc/)m can become zero.

In this case, a situation would exist where intermodulation could be present without
cross modulation or vice versa. This situation, however, should be highly critical and
would be readily destroyed when changing bias conditions.
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APPENDIX III

LIMITATIONS OF THE POWER SERIES METHOD

Assume a four-terminal network with a finite isolation between input and output. If
any nonlinearity exists in this network, a signal frequency connected to the input will cause
harmonic frequencies to appear at the output. These generated harmonics will feed back
to the input and act as new input frequencies, generating more harmonics at the output
which again are fed back to the input, etc., so that theoretically an infinite number of har-
monics will be generated regardless of the inherent degree of nonlinearity.

Realization of this fact makes the validity of the power series representation Vo u

f (Vi) for this type of network very doubtful.

In this section, a concrete example will be given to show the failure of the power
series method in the treatment of intermodulation and cross modulation of a network when
a feedback is present between input and output.

Figure 16 represents a foar-terminal network, N, terminated in a load resistance, RL.

Assume the following properties for N:

a. Infinite input impedance

b. Infinite output imped ice

c. Infinite isolation between input and output

d. Vo a f (V) is completely described by Vo = oV i + R V2. Let Fig-

ure 17 represent a new four-terminal network, obtained from N,
by adding some circuit elements. Let these circuit elements be
chosen such that the following assumptions can be made

e. The impedance of the feedback circuit I R1  2 >> R L

f. I I >> RL for frequencies less than 3 x signal frequency

il I0 for frequencies 3 v signal frequency and higher

g. I 2= 0 for frequencies of the order of 2 x signal frequency

I 2 = for all other frequencies

Because of stipulation g, for frequencies of the order of 2 / signal frequency, a feed-
back from output to input will be present. Let the feedback factor be such that c V0 is coupled
back to the input.

0e

V i N R L V
2-2268

Figure 16---Four-Terminal Network
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SR, 2Z 2 ,R I

V4N Z1 RL V
L 0

2-2269

Figure 17-- -Four-Terminal Network with Cirruit Elements

With these assumptions and with Vi = V1 cos W1t + V2 cos w2t. The output spectrum

can be examined on tOr specific frequency components of interest in the following manner.
Assume

V° =Vol cos wit + V02 Cos w2t + Vo3 cos 2wlt + V04 cos 2w2t
(32)

+ 5 cos (2w 1 - w2)t + V cos (2 w2 - wl)t . . . + ....

then

SV 1 cos wit + V2 cos0 2 t +k V03 cos 2wt + k Vo4 cos3t (33)

However:

*v °  + e(34)
0 ii+

Substltitions of equation 33 into 34, and considering only the terms of interest, gives:

V0 -=(oV1 +BA V V 03) co'scwt +(&V2 +B$IV 2  704 ) Cos

-- 1 2 + -Vok (V + i Svv cos 2wt + ( v + 1 OV) cos 2qt

+ ,k VI Vo Cos (2u -w1 )t + 19kv Vo cos (2w, - )t...
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Equating these terms with the corresponding suggested terms of equation 32 yields:

a. Vol & VI + Rk V V3

b. Vo2 +V2 +8kV 2 V-- Vo4

V J ~V + 0 V or V
V0  03 2 1 03 2(1-yl )

d. -

d. V Oryk 2-? or Vo
04 V4 o2 2 4 2(1-o(k)

e. V 0 8kV 2 V0o5 2V03

f. V =8k V --0o6 104

Substituting the explicit expressions for V0 3 andV from c and d into a, b, e, and f
gives: 0

[V1 +2 - )] cos wlt fundamental component

2- c 2t fundamental componentaV2 +2 (1 - ak) I o

2 (' ] cos 2(.$,t second harmonic

(8 - J cos 2w 2t second harmonic

2 (1 - YCwt
(1 - V] cos (2w, - w2 )t third-order intermodulation

2 cos (2w2 - w1 )t third-order intermodulation

As the amplitudes of cos w1 t and cos W2t are only dependent on V1 and V2 , respec-

tively, no cross modulation can occur in the network of Figure 17. However, third-order
Intermoduation terms cos (2 w1 - w2 )t and cos (2 w2 - wl)t are being generated.
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The third-order intermodulation frequency (2w1 - w2 ) in this case is generated by the

second harmonic 2 w1 which is fed back to the input where it mixes with W2 by way of the

term OV2 to create 2 w1 - w2 at the output.

As can be seen from the output components, the amplitude of the cos (2 w1 - w2 )t term
is proportional to the amplitude of 2w 1 , as could be expected.

A remarkable fact is that as far as the amplitude of the third-order intermodulation
term is concerned, the functional relation of the power series treatment C V2 V2 cos
(2w1 - w2)t, where C is a constant, has been preservea. 1

As is shown in Appendix II, the general result, third-order intermodulation without
cross modulation is incompatible with the power series method.

This is plausible because of the fact that by way of the power series these products

can only arise when there is at least a cubic term (J V") present. In the network of Fig-

ure 17, tI, highest inherent nonlinear term is quadratic (V). 

From the example given in this section, it can be concluded that a power series with
constant coefficients cannot be used to analyze intermodulation, cross modulation, and
similar frequency products, of a device when, for any integral part of this device, a feed-
back exists between input and output.

Unfortunately this rules out the majority of microwave devices, in particular, the
distributed devices, which can be regarded as a chain of elementary networks, each cor-
responding to a specific volume element, so that generally a very tight coupling exists be-
tween input and output of each element.

I
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